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We present quantitative, high spatially resolved magnetic force microscopy imaging of samples based
on 11 nm diameter superparamagnetic iron oxide nanoparticles in air at room temperature. By a proper
combination of the cantilever resonance frequency shift, oscillation amplitude and phase lag we obtain
the tip-sample interactionmaps in terms of force gradient and energy dissipation. These physical quantities
are evaluated in the frame of a tip-particle magnetic interaction model also including the tip oscillation
amplitude. Magnetic nanoparticles are characterized both in bare form, after deposition on a flat substrate,
and as magnetically assembled fillers in a polymer matrix, in the form of nanowires. The latter approach
makes it possible to reveal the magnetic texture in a composite sample independently of the surface
topography.
N
anoscale magnetic materials play a central role in many areas of science and technology1, such as high
density data storage2, development of advanced materials3,4, and biomedical devices for cancer hyper-
thermia therapy, drug delivery and rapid cell sorting5–7.While nanoscale reduction of the particle size is a
common requirement for most applications, different magnetic properties have to be designed for specific tasks:
e.g., in mass memory devices each data element should exhibit stable magnetization at room temperature (RT)8.
On the other hand, biomedicine, nanocomposite and ferrofluid applications9 rely on colloidal dispersion of the
magnetic nanoparticles (NPs), for which one should avoid uncontrolled agglomeration, precipitation or segrega-
tion in the fluid medium10–12 by reducing the long–range interparticle forces. To prevent aggregation in solution,
two particles at distance smust have permanent magnetic momentmm such that the magnetic interaction energy
is lower than the thermal energy, i.e. mom
2
m

s3=kBT , with m0 the medium magnetic permittivity, kB the
Boltzmann’s constant, and T the absolute temperature. Since, in first approximation, mm is proportional to
the NP volume, aggregation can be avoided by keeping the NPs sufficiently small and their distance sufficiently
large by means of non magnetic coatings13. At reduced size, magnetic properties of individual particles are also
affected by surface states due to the high surface to volume ratio, and also the particle shape becomes important.
Therefore, magnetic NPs assemblies have to be investigated by means of a technique capable to record magnetic
and topography texture simultaneously at both high magnetic sensitivity and nanometer spatial resolution.
Magnetic Force Microscopy (MFM)14,15 can match both requirements, since it provides the nanometer reso-
lution typical of dynamic atomic force microscopy (AFM), making single particle studies possible. In the last
decadeMFM in ambient conditions has undergone a renewed interest, thanks to an increased sensitivity obtained
by technical advances in low noise detection electronics, coupled with external magnetic fields applied on the
samples. Environmental MFM studies of submicrometric structures have been first carried out on NP clusters
inside magnetotactic bacteria16 and in arrays of 150 nm size ferromagnetic Co nanostructures17, having perman-
ent magnetization at RT.
When the individual magnetic particles are smaller than the magnetic domains in bulk material, permanent
magnetization at RT is no longer found and each NP exhibits a paramagnetic-like behavior characterized by a
high inducedmoment, called super-paramagnetic (SP) state. The instantaneous magnetic moment of each SPNP
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is continuously undergoing stochastic inversion between opposite
directions. The Ne`el-Brown model18 for uniaxial spherical particles
describes this physical process by a spin relaxation time, representing
the average time for a NP magnetic moment to flip along the easy
magnetization axis. This process is thermally activated, with expo-
nential dependence on the particle magnetization and thus on its
volume, as described by theArrhenius law1. As a result, small changes
in NP size can lead to very different magnetic properties at RT.
The SP state is of interest since the non-magnetic particles can still
be magnetized by an external field, which will favor one of the two
opposite easy magnetization directions, leading to a stable magnetic
configuration as described by the Stoner-Wohlfarth model18,19.
In this way, field controlled SP NP assemblies can be induced in
a colloidal dispersion13,20,21. Additionally, shape, size and magnetic
properties of the assemblies can be tuned by controlling particle
size and magnetic field5,22–24. Typical diameters at which a magnetic
material exhibit SP behavior at RT are of few tens of nanometers. For
c-Fe2O3 iron oxide, a relaxation time of 100 s corresponds to a
55 nm particle diameter, as obtained by using a power law fit13 of
the anisotropy constants measured by Fiorani et al.24. Recently, Rasa
et al.25 investigated the magnetic contrast between individual SP
magnetite NPs, calculating the magnetic signal expected for differ-
ently shaped tips coated with 50 nm CoCr, and concluding that only
particles with diameter .15 nm could be magnetically imaged.
Similarly, for a 60 nm CoCr coated tip a minimum particle diameter
of 10 nm was calculated by Agarwal et al.26, who could experiment-
ally detect (1767) nm diameter NPs with the help of an external
magnetic field. In both cases van der Waals forces, competing with
the magnetic signal, were observed. These long-range forces have
been further investigated using magnetized tips on gold, silica and
iron oxide particles by Neves et al.27, who found opposite phase lag
for magnetic and non-magnetic materials and concluded that this
effect can be used to distinguish the two different types of interac-
tions, respectively. Recently, very high sensitivity has been demon-
strated by Dietz et al.28, who detected the magnetic signal from single
ferritin molecules in liquid using a multifrequency method based on
harmonic distortion analysis, yet with difficult data interpretation29–32.
In this work we obtain a better understanding of the resolution
limits in imaging SP NPs by addressing both the theory and the
experimental practice of the two-pass technique, and demonstrate
quantitative magnetic imaging. For this aim, two types of magnetic
nanotextured samples were prepared from solutions of ,11 nm
diameter c-Fe2O3/Fe3O4 colloidal NPs. The first consists of NPs
aggregated upon fabrication of a film, which exhibits compositional
uniformity across its surface, ensuring uniform van der Waals forces
giving a constant long range contribution over the whole sample, as
discussed in the supplementary information session. The other type
of sample is a regularly textured nanocomposite, in which prior
application of an external magnetic field results in the NPs assembly
into elongated stripes inside the polymer. The magnetic NP stripes
appear both at the surface and in the bulk of the nanocomposite,
providing us with a benchmark for testing MFM imaging not
coupled with topographical features.
Results
Theory of MFM. In the MFM literature there is no univocal choice
of the oscillation parameters best representing the magnetic signal,
since these are not independent from possible additional non-
magnetic long-range interactions. Some authors focus their atten-
tion on the resonance frequency shift25, oscillation amplitude26 or
oscillation phase lag26,33-36. In general, amplitude, phase and fre-
quency shift signals are not independent, and in single harmonic
oscillator model they are related through the slope of the resonance
peak i.e. the cantilever quality factor Q. However, Q is also affected
by dissipative tip-sample interactions, including compositional and
mechanical information (e.g. plasticity)37. We use separately the
frequency shift signal to evaluate the tip-sample magnetic interac-
tion, resulting in a force gradient channel, and a combination of
phase and amplitude signals to give a quantitative measurement of
the inelastic interaction, resulting in an energy loss channel38,39.
The frequency shift allows the direct measurement of the force
changes with no need to introduce measurement sensitive para-
meters such as Q. In the single harmonic oscillator approximation,
the force gradient is25:
LFZ
Lz
%{
2k0
n0
Dn ð1Þ
where Fz is the vertical component of the force pointing out from the
surface, n0 is the free resonance frequency, k is the cantilever spring
constant, and Dn is the frequency shift.
Phase lag and amplitude signals are combined to calculate the
energy dissipation in each oscillation cycle40 due to the inelastic part
of the tip-sample interaction, hereafter called energy loss EL:
EL~ sin Q{
ASP
A0
 
ASP
A0
E0 ð2Þ
where E0~pkA
2
0=Q, with A0 the free oscillation amplitude far from
the surface, ASP the actual oscillation amplitude (ASP1 for first pass
and ASP2 for the second pass), and Q the phase lag between dither
signal and tip oscillation, assuming Q05p/2 for free oscillation. By
considering a single magnetic NP interacting with amagnetic tip in a
dipole-dipole model25:
LFZ
Lz
~{
6m0mmmt
p szz0ð Þ5
ð3Þ
where mm and mt are the magnetic moments of particle and tip (in
our case mm53*10219 Am2 and mt51*10216 Am2 respectively), s is
the tip-particle surface-to-surface distance, and z0 is an additional
distance accounting for the position of the magnetic dipoles within
particle and tip. For a tip of diameter dt and a NP of diameter dm,
z05dm/21dt/21d0, where d0 is the thickness of a passive layer at the
NP surface (figure 1). The term d0 can represent a coating of organic
capping molecules13 such as in the present case, or of silica41 or other
non-magnetic and non interacting materials1,6.
Figure 1 | Simplified sketch of the tip-particle magnetic layout in a
dipole-dipolemodel, indicating the different distance terms (not at scale).
Magnetic dipoles (black arrows) are modeled as located in the center of a
SP NP having diameter dm and in the center of a sphere with diameter dt
approximating the tip apex, while d0 represents the thickness of a non
magnetic layer on the particle. Therefore in this scheme the dipole-dipole
distance is easily obtained adding z05dm/21dt/21d0 to the physical
distance s.
www.nature.com/scientificreports
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The effect of tip oscillation on the magnetic signal has never been
modeled so far. However, by using a modified version of equation 3
one can calculate the dependence of the force gradient due to mag-
netic interaction on the tip oscillation amplitude ASP2 and elevation
H during the second pass, as the two parameters to be optimized
during MFMmeasurements. The tip position s contains both a static
and a time modulated part: s5H1ASP21ASP2 sin(vt), where
H5H01(ASP2-A0). Due to the modulation of s, the tip will probe a
higher force during the approaching half-cycle of each oscillation
and a lower force during the retracting one. Consequently, the effec-
tive force gradient averaged over a whole oscillation cycle becomes:
LFZ
Lz
 
cycle
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6m0mtmm
p
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with C~
z0zHzASP
ASP
(see figure 2a). Therefore, with respect to the
static case of equation 3 at the same average position25, a correction
factor c is required for the force gradient:
c~
LFZ=Lzh icycle
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~
1
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where b~
z0zH
ASP
(see figure 2c). In the limit of small oscillations or
very far from the surface (i.e. for bR‘) it is cR1, since the oscillation
amplitude will be negligible with respect to the average height, falling
into the static case25. The averaged formula for the van der Waals
long range interaction term and its relative weight with respect to the
magnetic one is discussed in the supplementary information session.
Similarly, the energy loss signal can be compared with the max-
imum energy transferred between the tip and a SP particle. In dipole
interaction approximation it corresponds to the energy needed to
invert the particle moment:
Eflip~{m0
mtmm
p szz0ð Þ3
ð6Þ
By averaging over a tip oscillation cycle:
Eflip
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Therefore, with respect to the static case in equation 6, for the energy
dissipation a correction factor
d~
Eflip
 
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~
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is required (see figures 2b and 2d). This general formulation can also
be applied to negative H values, by considering the proper ASP2. For
H.A0-ASP2, as in our case, it is ASP2<A0.
For force gradient, the noise is:
D
LFZ
Lz

~ 1ASP
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4kkBTB
v0Q
s
ð9Þ
whereT5300 K is the RT and B52 kHz is the input bandwidth of the
detection system42. In our case this noise level is 0.01 mN/m, shown
in figure 2a as a red horizontal dashed line, which is much lower than
the force gradient calculated for different oscillation amplitudes.
Similarly, a red dashed line indicating the thermal noise level
1/2 kB T< 12 meV is drawn in figure 2b. As expected, better signal
to noise values are found in the small oscillation regime, since the
average tip-sample distanceASP1H can be greatly reduced, while still
respecting the condition H.A0-ASP.
Figure 2c shows the dependence of the force gradient correction
factor c as a function of b.As shown, it is always c$1. Specifically, at
oscillation regimes with e.g. b,50 the resulting sensitivity is signifi-
cantly higher than in the static case of equation 3. Similarly, as shown
in figure 2d, d is always$1, indicating that sensitivity on the energy
Figure 2 | (a), (b) expected force gradient and energy loss for an 11 nm diameter iron oxide particle, calculated for tip parameters as reported in
equations 4 and 7. The dashed line indicates the thermal noise level in our setup. (c), (d) force gradient and energy loss correction factors c and d,
respectively, as a function of parameter b, calculated from equations 5 and 8, respectively. The red arrows in figures (a), (b), (c) and (d) show the
expectation values for MFM signals forH520 nm and oscillation amplitude A0585 nm (red curves in (a) and (b)), corresponding to a value of b50.85.
The light blue squares in figures c and d indicate the common working conditions for most commercial cantilevers.
www.nature.com/scientificreports
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loss channel is always improved. For b#1 the correction factor
strongly increases, while for a reduction of H to few tens of nan-
ometers, d can be increased of almost one order of magnitude.
Magnetic nanoparticles. In figure 3 the STEM and HRTEM images
of the colloidalmagnetic NPs drop casted on an ultrathin carbon grid
are presented. The NPs have spherical shape and are monodispersed
in size with a diameter of (10.961.7) nm, as shown in figure 3a.
HRTEM data reveal the single crystal structure of each particle
core, and the existence of a capping layer (figure 3b) with thick-
ness d,0.85 nm, attributed to the oleic acid (OLAC) used during
the wet NPs synthesis13.
The previous theoretical considerations allow for optimum choice
of theMFMworking parameters. Samples of such colloidal NPs drop
casted from diluted solutions and imaged by MFM are displayed in
figure 4. The force gradient (figures 4b, 4e) and energy loss data
(figures 4c, 4f) are collected in NAP mode, with H520 nm and
ASP2<A0585 nm, to ensure a complete decoupling between short-
range (topography) and long-range interactions.
Figure 4a shows the typical sample topography acquired during
the first pass. Elongated assembly of spherical particles with typical
width of few (1–2) particles and length up to some tens (typically
3–10) are visible (see white arrows). Several features corresponding
to single particle size in both directions also appear, which can be
associated to either individual particles sitting on the top surface or
elongated one-dimensional particle aggregates aligned vertically to
the substrate. Autocorrelation length calculated the for topography
image gives ,25 nm size of the smaller geometrical features, which
also resembles single particle diameter after slight increase due to tip
convolution effect43. In addition to the small NP aggregates, a micro-
meter sized wavy background is observed, which originates from the
multilayer nature of the NPs film, resulting in alternating hills and
valleys (red dashed and white circles, respectively).
In figures 4b and 4c the measured maps of magnetic (force gra-
dient) and inelastic interactions (energy loss) are reported, respect-
ively, as derived from second pass signals (amplitude and phase in
AMmode and frequency in FMmode) acquired in NAPmode at the
same elevation of H520 nm. Figure 4b has been calculated accord-
ing to equation 1. High values of tip-sample magnetic interactions
are obtained both in thicker and thinner regions, corresponding to
bright and dark areas in figure 4a, enclosed in the white and red
circles, respectively. This demonstrates that the magnetic contrast
detected during the NAP pass is independent of the topography.
In both depressed and elevated regions of the sample, alternated
domains of strong (light) and weak (dark) magnetic force gradient
also appear in figure 4b. In this case an autocorrelation analysis
reveals a dominating size of,250 nm, corresponding to the average
magnetic domain diameter, hundreds of times larger than single NP,
indicating long-range ordering of the NP magnetic dipoles44.
In figure 4c an energy loss map calculated according to equation 2
is presented. Previous studies have demonstrated how energy loss
imaging in tapping mode can provide high compositional sens-
itivity39. Here, this calculation is applied for the first time to the
MFM interaction far from the surface (NAP mode), which high-
lights its dissipative part. In figure 4c a high damping is observed
especially in the valley (see red dashed circle). Despite the rela-
tively complex formula of equation 2 as compared to equation 1,
figure 4c presents sharper features than those in figure 4b. In
fact, the force gradient image, which is a local derivative, is more
sensitive to noise than the oscillation phase and amplitude used in
the energy loss image. On the other hand, figure 4c demonstrates
that we could obtain energy loss maps with very high lateral
resolution. Thus, by using the energy loss signal, quantitative
magnetic data is derived with the same resolution as the phase
images38,45 without detrimental effects of mathematical calcula-
tions. In figures 4d–f higher magnification images are presented
to highlight morphological and magnetic features of the NPs film.
In figure 4d, the aggregation of round magnetic NPs into elon-
gated structures lying on the film top is shown. The aggregates
clearly exhibit an internal structure of single magnetic NPs aligned
into linear chains. The force gradient (figure 4e) shows the inner
structure of the magnetic field within each aggregate (white mar-
kers in figures 4d–f), exhibiting different values within the same
features, due to the inner magnetization distribution. In parti-
cular, each aggregate appears as half-bright and half-dark, resem-
bling a typical contrast of magnetic dipoles34 even in absence of
external magnetic field. This reveals the existence of a magnetic
order46 within each chain at RT, resulting after dipole-dipole NPs
interaction.
In the force gradient image (figure 4e) the independency of mag-
netic contrast from the topography is also clear, similar to figure 4b.
The same conclusion applies for the energy loss image (figure 4f),
in which the outer shape of the elongated NPs structures is nicely
reproduced (as in figure 4c), showing a uniform dissipative coupling
within each NPs chain. In this case a more fine-grained texture is
observed as compared to figures 4b and 4e. The NPs could be
resolved by reducing H to values that involve also non-magnetic
tip-sample interactions, as reported in the supplementary informa-
tion (figure S1.b). For both force gradient and energy loss a good
signal–to–noise ratio is found (consistent with theoretical expecta-
tions shown in figures 2a and 2b), demonstrating that these signals
are robust also for long–range forces in NAP mode.
Figure 3 | (a) high angle annular dark field (HAADF) STEM image of iron oxide NPs. (b) Elastic filtered HRTEM image of a group of NPs, showing the
crystalline cubic structure (inset). The OLAC capping (d,0.85 nm thick) surrounding each particle has been pointed out by the dashed circles.
www.nature.com/scientificreports
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Magnetic nanocomposite. In figure 5MFMdata (figure 5b–d) from
slices of the nanocomposite is shown. The samples are prepared
under an external magnetic field, to induce particle assembly as
shown in the bright field TEM image (figure 5a), which helps in
the correct interpretation of the contrast in the corresponding
regions of MFM images (red dashed square in figures 5b–d). In
particular, the dark regions of figure 5a correspond to the wire like
structures of magnetic NPs, which appear dark in the TEM image
with respect to the polymer matrix. Figure 5b shows the MFM
topography, where NPs-rich regions protrude out of the matrix.
Figures 5c and 5d show the force gradient and energy loss images,
respectively.
The observed ordering of NP assemblies into linear chains of few
hundred nanometers width and some microns length (hereafter
‘nanowires’), is due to application of the magnetic field during sam-
ple preparation. This gives rise to a cooperative effect of the single
crystal magnetic particles that undergo orientation along the easy
axis, resulting into a long-range ordering that minimizes their
dipole-dipole interaction energy13. The nanowires have SP behavior
at RT20, therefore an external magnetic field is used to enhance
magnetic contrast at the border of the stripes. In our case a weak
(20 gauss) in-plane magnetic field, directed as the blue arrow in
figure 5d, was adopted, causing an orientation of magnetic dipoles
orthogonal to the stripes axis.
Discussion
Regarding the enhanced sensitivity following the correction factor
c(b) in figure 2c, this can theoretically reach a three-fold im-
provement for b,10. However, there are practical limitations in the
selection of the working parameters. First, when working in air a
large free amplitude is required (A0,100 nm in our case) to avoid
tip sticking to the surface due to ambient humidity. Furthermore, to
prevent tapping during the NAP pass it should be H.A0–ASP2.
Ideally, for very small NPs and very sharp tips, e.g. dm,dt,10 nm,
and with a molecular non-magnetic layer as thin as d0#2 nm, it can
be z0«H. Therefore, b,H/ASP,H/A0, and for b,10 one would need
an elevationH,10A0. In fact, the normal operating conditions for b
lie on the left side of the maximum in c(b), with b#10. If, for
example, a target sensitivity increase of c52 is assumed, b should
be ,3. Furthermore, in our conditions dm511 nm but dt545 nm
(with d0,1.5 nm), therefore it is z0,52 nm, not much smaller than
H but rather approximately one half of it. In these conditions b,1.5
H/ASP,2 H/A0, which for an A0,100 nm requires in turn
H,50 nm, which is a reasonable elevation for sensing magnetic
forces. Actually, by proper tuning the working parameters a c,2.5
can be reached. For most commercial cantilevers the more com-
mon working conditions for b are indicated with a blue square in
figures 2c and 2d.
For the bare NPs sample, the scale bars in figure 4 being expressed
in physical units, allows for a direct comparison of the force gradient
and energy loss images derived fromAFMmeasurements (equations
1 and 2) with those theoretically calculated in the case of individual
tip-particle interaction (equations 4 and 7, respectively), as prev-
iously described and indicated in figures 2a and 2b for the same
working conditions. Due to compositional uniformity, long-range
van der Waals forces are expected to give a uniform force gradient
across the whole sample, affecting only the mean value of the signal,
whereas local fluctuations are attributed to the magnetic texture of
the sample, resulting in the contrast shown in figures 4b, c, e and f.
The extent of the magnetic signal is, therefore, derived from the
total amount of the fluctuation amplitude around the mean value
of figure 4b, obtaining a peak to valley value of dF/dz<375 mN/m.
Figure 4 | (top) 5 mm size images of sparse nanoparticles film: (a) topography, (b) force gradient, (c) energy loss derived from measured signals
according equations 1 and 2. Color bar for (b) and (c) is expressed in physical units of mN/m and eV, respectively. (bottom) close-up of previous images:
(d) topography, (e) force gradient, (f) energy loss of aggregates formed due to long range interactions (NAP mode); (f) detail of the energy loss image
acquired during second pass highlighting a good contrast on different particles within each linear structure. The white and red circles in figure (a), (b) and
(c) show a comparison of topography, force gradient and energy dissipation in the regions corresponding to hills and valleys, demonstrating lack of
correlation between topography and magnetic signals (see text). White arrows in figures (a), (b) and (c) indicate topography and magnetic signals
measured in correspondence of elongated NP aggregates, revealing the inner magnetic texture in correspondence of aligned particles, also shown in
magnified figures (d), (e), and (f) within the white elipsoids.
www.nature.com/scientificreports
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Similarly, the contrast in energy loss images, EL<15 eV, is attributed
to magnetic structures, while the mean value is regarded as a mainly
compositional signal. A direct comparison between experimental
results and theoretical predictions in case of single particle is reported
in Table 1, allowing for a direct estimation of the number of particles
involved in the tip-sample interaction processes. It is found that
the interaction volume that contributes to energy dissipation signal
corresponds to 100 particles, while a much smaller one, approx 8
particles, originates the force gradient signal. For these reasons a
much higher magnetic volume is probed by energy loss imaging, as
shown in figures 4c and 4f, while, the force gradient signal
(figures 4b and 4e) involves a much smaller magnetic volume, and
therefore is more sensitive to the first few layers on the surface, as
previously discussed, consistently with different power low depend-
ence of equations 4 and 8 on distance H.
For the nanocomposite sample, the effect of the NPs-rich regions
protruding out of the matrix (figure 5b) is probably following from a
different surface relaxation after ultramicrotome cut, due to composi-
tional non–uniformity in the solid film. The contrast observed in fig-
ure 5 is in agreement with the existing literature19–21. In particular, in
the force gradient image of figure 5c a fine grained structure
of the single magnetic NPs is detected throughout the magnetic stripes,
which is not visible in the energy loss image of figure 5d. Additionally,
in figure 5 some round NP aggregates of few hundred nanometers can
be clearly distinguished (see yellow thick arrows), which in figure 5b do
not exhibit a topographical contrast as strong as the elevated stripes.
These features have a direct correspondence in figure 5a, where NPs
aggregates are shown. Therefore, we conclude that both force gradient
and energy loss are sensitive to magnetic interactions, as they were able
to detect the magnetic particle assembly lying under the surface. Similar
contrast is found in different parts of the imaged area, as pointed out by
the white arrows in figures 5b–d.
In conclusion, we performedMFMmeasurements of,11 nm dia-
meter magnetic iron oxide NPs. When films of bare NPs deposited
Figure 5 | Magnetic particle stripes inside the polymer matrix, examined with (a) TEM and (b) AFM. (c) and (d) represent the force gradient and the
energy loss images. The red dashed square in b-d corresponds to TEM image. The yellow arrows indicate bare magnetic structures at the surface, exposed
by the ultramicrotome cut andmagnetic structures embedded in the polymer, both hardly visible in surface topography, but clearly revealed by the TEM
measurement.
Table 1 | Comparison between measured tip-sample Interaction values in case of pristine nanoparticle samples, as shown in figure 4, and
single particle expectation values as theoretically derived from equations 4 and 7. For the single particle calculations the experimental tip-
sample parameters have been used (mm53*10219 Am2; mt51*10216 Am2; H520 nm; ASP585 nm; z0<52 nm). The third column
contains the ratio between experimental data and single particle expectation values, allowing for a direct estimation of the number of
particles involved in the interaction
Signal Measured Value (from figure 4b,c) Single particle expectation value Ratio (particles)
Force gradient 375 mN/m 48 mN/m ,8
Energy loss 15 eV 150 meV ,100
www.nature.com/scientificreports
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on a substrate were imaged, we detected linear magnetic chains of
assembled NPs, with length of few hundred nanometers. Each
assembly is a magnetic domain, likely due to particle aggregation
during solvent evaporation. A superimposed magnetic fluctuation
with hundred nanometers correlation lengthwas also detected, inter-
preted as a dipole-dipole interaction between the NPs magnetic
moments. When elongated NP assemblies forming SP nanowires
embedded in a polymericmatrix were studied, our technique pointed
out magnetic features as small as few tens of nanometers lying under
the surface, which could not be detected by topographical imaging
alone. Overall, we demonstrated the capability ofMFMat RT in air to
quantitatively characterize magnetic textures down to single particle
level.
Methods
Nanoparticle synthesis. Nearly spherical mixed-phase c-Fe2O3/Fe3O4 colloidal NPs
with oleic acid (OLAC) as principal capping molecule were synthesized as described
elsewhere19,20. The resulting hydrophobic NPs are soluble in non-polar solvents and
have a diameter of (10.961.7) nm. Magnetic moment for individual particle
(mm53*10219 Am2) is calculated for 11 nm particle diameter as previously
described13.
Nanoparticle films. A colloidal dispersion of NPs in toluene has been prepared. An
aliquot of the solution was drop-casted onto substrates of freshly cleaved highly
oriented pyrolitic graphite (HOPG, NT-MDT, ZYA grade), and let to dry in solvent
saturated atmosphere at RT. The thickness of the formed films was (5006200) nm, as
evaluated by the MFM topography, measured across holes and islands in the non-
continuous NPs films.
Nanocomposite samples.A nanocomposite solution of 1 wt.% of c-Fe2O3/Fe3O4 in
poly(ethylmethacrylate-co-methylacrylate) (PEMMA, MW,100000 g/mole, Sigma-
Aldrich) was prepared in chloroform. After sonicating for 10 minutes to avoid
aggregation, the solution was drop-casted onto glass under a homogeneous magnetic
field produced by two permanent magnets, applied parallel to the substrate. The
magnetic field (B,160 mT) drives the NPs movement parallel to the magnetic lines
in the casted solution, during solvent evaporation. Formation of aligned SP
nanowires, with 200 nmmean diameter and up to 15 nm length, uniformly dispersed
in the whole polymer matrix, occurred, as previously reported19,20, which was also
confirmed by SQUID magnetometry. The film thickness was,500 mm, as observed
by optical microscopy of a cross section. Slices of 200 nm thickness were prepared, by
cutting the nanocomposite approximately along the stripes with a EM UC6
ultramicrotome (Leica). The slices were laid onto 50 nm thick Si3N4 TEM
membranes (4124SN-BA, SPI Supplies) in order to perform TEM and MFM
measurements. Top camera is used to locate the tip in the center of the
500 mm3500 mmmembrane while data is collected by progressively reducing AFM
scan size from 50 mm350 mm to fewmicrometers to obtain the desired resolution on
the features. The same procedure is then followed during TEM measurements to
directly identify the same features in the sample.
Electron microscopy. Images of the bare magnetic NPs were acquired via TEM and
STEM performed with a JEOL JEM-2200FS operating at 200 kV and equipped with
an energy filter (Omega type). Filtered elastic images were acquired to verify the
presence of OLAC capping layer on the particles. Images of nanocomposite samples
were acquired via TEM performed with a JEOL JEM-1011 microscope operating at
100 kV in bright-field mode.
MFM operation. For all the experiments, commercial rectangular silicon cantilever
coated with a CrCo layer of ,45 nm thickness have been used (Asylum Research
MFM standard, coercitivity ,400 Oe, magnetization ,10213 emu). The nominal
spring constant k and resonance frequency n0were 2.5 N/m and 75 kHz, respectively.
For each measurement the k and the free oscillation amplitude A0 have been
calibrated on a non-magnetic rigid sample. A standard two-pass technique (NAP
mode in our instrument) has been adopted. At each scan line, the topography is first
acquired (with an amplitude setpoint ASP1, usually a 60% to 80% fraction of the free
oscillation amplitude A0) and then the scan is repeated on the same line with an offset
elevationH0 (NAP height) set to a higher value than Ao–ASP1. In this way topography
cross-talk with the magnetic interaction is prevented, and the cantilever oscillation
parameters during the second pass are used to build up maps of the long-range
interactions. At each location, measurements are repeated twice to independently
collect amplitude and phase (at constant frequency, in amplitude modulation mode)
and frequency shift. Frequency shift is automatically detected by using the phase shift
as error signal for the feedback loop, used to track the variation of the resonance
frequency by changing the dither frequency by means of the microscope controller.
Phase is previously nulled in correspondence of the maximum of the first free
resonance peak to compensate spurious phase shifts due to the setup, while
microscope parameters such as feedback loop gain and scanning speed are, optimized
to keep the phase signal to zero during second pass. During both the topographic
tracking (first) pass and the elevated NAP (second) pass, the cantilever was dithered
in high oscillation amplitude regime (A0.50 nm) to prevent tip sticking to the
particles capping layer by means of the high elastic force. Due to both the long
distance from the magnetic features and the tip blunting resulting from its magnetic
coating, the lateral resolution is significantly decreased with respect to standard AFM.
Since the typical radius of curvature of commercial MFM probes lies in the range of
20–100 nm, a comparable lateral resolution is expected.
For the nanocomposite sample, theMFMmeasurement has been carried out under
a weak (20 gauss) external magnetic field with in-plane orientation perpendicular to
the stripes, to highlight magnetic texture in the sample.
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